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ABSTRACT  
The output of an ultrasonic wave-driven nanogenerator (NG) has been found to depend on the excitation 
conditions and geometry. Incidence angle tests indicate that the effective area of an NG determines the 
amount of power that can be generated. The output power of an NG is also directly related to its distance 
from the ultrasonic source. A sinusoidal profile of the electrical output was observed when an NG was 
moved inside a long tube fi lled with water with the ultrasonic source located at one end. This is due to the 
oscillation of the wave intensity inside the tube as a function of the distance from the excitation source. 
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Harvesting energy from the environment is critical for 
the sustainable operation of wireless sensor systems 
and implantable biomedical devices [1 3]. Mechanical 
energy is the most ubiquitous energy source in our 
living environment that can be readily collected 
and converted into electricity [4]. A piezoelectric 
cantilever-based micro electromechanical system 
(MEMS) is, for example, one of the most common 
techniques for mechanical energy harvesting [5]. 
Flexible piezoelectric thin fi lms are also increasingly 
used for practical applications [6, 7]. Vibrating a 
metal coil in a magnetic fi eld has been demonstrated 
to give mechanical energy conversion through 
electromagnetic induction [8]. These approaches have 
been developed for micro-scale devices for which 
gravitation or inertia can play a significant role. As 
for nano-scale devices and structures, previously 
demonstrated methodologies and principles may 
not be applicable due to the change in operation 
frequencies and elimination of the role played by 
gravitation. A recent development of a nanogenerator 
(NG) based on nanowires (NWs) has shed light 
on the harvesting of mechanical energy using 
nanotechnology [9]. This technique relies on coupling 
of the piezoelectric and semiconductor properties 
of ZnO NWs [2, 10], which allows a scavenging of 
mechanical energy at the nanometer scale in the 
form of waves [11] or pulses [12] with high and low 
frequencies. One of the most important advantages 
of the NG is that its operation does not rely on 
resonance but on mechanical disturbance or vibration 
over a large frequency range.
Driving an NG indirectly through a sonic/
ultrasonic wave is ideal for remote powering or even 
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self-sufficient operation of a nanosystem. Applying 
ultrasonic waves (USWs) through liquid media 
has been demonstrated to be an effective way for 
agitating NGs [13]. Understanding the relationship 
between a USW and the output of an NG is of 
signifi cant importance if the output power of the NG 
is to be increased to meet the needs of a self-powered 
nanosystem. In this paper, we describe a study of the 
interaction of USWs with an NG and its dependence 
on the wave incidence angle and the distance from 
the wave source. A comparison of the experimental 
data with theoretical simulations directly proves the 
relationship between the input wave energy and the 
output power. 
The NGs used in our experiments were all 
assembled on glass substrates by the technique 
reported previously [11]. The experiment setup for 
the incidence angle tests is shown schematically in 
the inset on the left hand side of Fig. 1(a). The NG 
sample was attached to the glass sample holder, 
which can be rotated freely. The incidence angle 
test was performed in a large water cavity, where a 
USW source of frequency ~40 kHz was located at 
the bottom center. The center of the NG was fi xed at 
the center of the cavity and was kept at 2 cm below 
the water surface. The size of the NG was 2.5 mm 
× 2.5 mm, which is much smaller than the size of 
the water tank. The incidence angle is defined as 
the angle between the glass sample holder and the 
horizontal position when the NG is rotated laterally 
around its horizontal axis. It should be noted that 
both sides of the NG are not identical, as shown in 
the right hand side of Fig. 1(a). The active part of the 
NG is the zigzag electrode; this is covered by epoxy, 
which seals the edge to prevent water infi ltration and 
is defi ned as the top side. The bottom side of the NG 
is the glass substrate. Therefore, an incidence angle 
of 0° corresponds to the case that the top side of the 
NG is facing the water surface, while an angle of 180° 
indicates that the top side is facing the wave source.
Five NG samples were tested individually at nine 
incidence angles of 0°, 30°, 45°, 60°, 90°, 120°, 135°, 
150°, and 180°. The short circuit current (ISC) was 
recorded to show the output change when the USW 
source was turned on and off. A typical set of angular 
dependent ISC data is shown in Fig. 1(b). As the 
USW was turned on, the current signal immediately 
jumped to a higher level and remained steady 
until the USW was turned off. Different incidence 
angles resulted in distinct ISC values and the lowest 
and highest outputs were given by 90° and 180°, 
respectively. Since the output signals are rather noisy, 
the ISC and VOC values were treated by removing 
the averaged base line from the averaged signal 
amplitude. The complete set of angular dependent ISC 
data measured from the fi ve samples is listed in Table 
1. The averaged ISC value varied from tens of pA 
to one nA, and the output difference between each 
sample is attributed to the quality and uniformity 
of NWs, contact resistance, and the assembly and 
packaging processes. The details of these effects can 
be found elsewhere [14].
(a)
(b)
Figure 1 (a) Plot of the normalized ISC and VOC signals of fi ve NGs 
at different incidence angles. The schematic experimental setup is 
shown in the inset on the left hand side. The structure of the NG is 
shown on the right hand side. (b) One set of ISC output data for an 
NG measured at nine different incidence angles
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Although the individual output values exhibited 
some variation, they showed similar patterns at 
different incidence angles. The general relationship 
between the incidence angle and the output can 
be revealed by normalizing with respect to the 
maximum output at 180°, as shown in Fig. 1(a). The 
lowest output is found at an incidence angle of 90°, 
which is when the NG is placed perpendicular to the 
water surface. When the NG was rotated clockwise 
from 90° to 30° or rotated counter-clockwise from 90°
to 150°, the output showed a symmetric increase. The 
output reached a maximum at 180°, at which position 
the NG had its zigzag electrode directly facing the 
incoming USW. However, a slight drop was found 
when the NG had its glass substrate side facing the 
incoming USW (0°). 
The orientation-related output change can be 
attributed to the effective surface area of an NG 
available to receive the USW. When a wave impinges 
on an NG, energy is transferred from wave to NG. 
Suppose the area of the NG is A, and the wave 
propagation k direction is at an angle of  to the 
normal of this area. The effective cross section area 
which absorbs energy is Aeff =A|cos |. Therefore, 
the output is maximized when =0° or 180° and 
minimized when =90°, since 
Pout( )=P(0)·|cos |                           (1) 
Equation (1) applies to an ideal case for straight 
propagation of the USW with no side propagation or 
reflection taking place. Thus, when =90°, there is 
no interaction between the USW and the NG, which 
should result in zero output. However, in a real case, 
even when the NG was positioned perpendicular 
to the water surface, a significant output was still 
recorded. This is due to the existence of some non-
perpendicular propagated waves in the water cavity. 
The effect of such waves only becomes significant 
when the interaction from the perpendicularly 
propagated wave becomes small, i.e., when  is close 
to 90°. The decrease in signal at 0° is probably due to 
the damping effect from the double glass substrate, 
which absorbs part of the ultrasonic energy before it 
reachs the NG core.
After revealing the role of the effective area in NG 
operation, we further investigated the importance 
of effective distance for remote powering of an NG. 
The experimental setup is shown in Fig. 2(a). In an 
ultrasonic generator chamber fi lled with water, a 30 
cm long glass tube was vertically placed at the point 
where the ultrasonic source is generated. The glass 
tube was also filled with water. An NG was placed 
inside the tube at a fi xed angle of 45° from the vertical 
direction. The ISC and/or VOC were continuously 
monitored while the NG was moved freely straight 
up and down in the tube with a constant speed and 
unaltered lateral position. The operation distance, d, 
was defi ned as the distance from the center of the NG 
to the bottom of the tube.
One typical output pattern is shown in Fig. 
2(b). The NG was initially located at the bottom 
of the tube. When the USW was turned on, the ISC 
signal immediately jumped to, and then stayed 
α(º)
Sample #1 Sample #2
ISC (nA)
Sample #3 Sample #4 Sample #5
0 0.98±0.07 0.014±0.001 0.049±0.006 0.044±0.0008 0.020±0.004
30 0.90±0.08 0.017±0.003 0.064±0.01 0.055±0.002 0.027±0.006
45 0.58±0.05 0.019±0.001 0.039±0.004 0.042±0.002 0.023±0.004
60 0.71±0.04 0.015±0.002 0.020±0.005 0.038±0.002 0.025±0.005
90 0.32±0.03 0.012±0.001 0.015±0.003 0.005±0.0006 0.008±0.001
120 0.61±0.03 0.018±0.002 0.030±0.005 0.038±0.0007 0.019±0.002
135 0.91±0.09 0.014±0.002 0.039±0.007 0.039±0.0008 0.021±0.004
150 0.93±0.09 0.013±0.002 0.094±0.02 0.051±0.0007 0.028±0.003
180 1.14±0.04 0.016±0.001 0.13±0.009 0.071±0.002 0.029±0.004
Table 1 Dependence of averaged short circuit current output (in nA) on wave incidence angle
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at its maximum. As the NG moved away from 
the ultrasonic source, the intensity decreased and 
oscillated in a sinusoidal-like pattern and finally 
reached the baseline when the NG was moved out of 
the tube. The same pattern was observed for the VOC 
signal (Fig. 2(c)). In a 30 cm long path, typically 5 or 
6 peaks can be identifi ed. The size of the NG was 25 
mm×25 mm.
The oscillation of the output voltage as a function 
of the distance from the center of the USW is 
suggested to be due to the change in stationary wave 
intensity inside the tube as confi ned by the boundary 
of the tube. For a tubular shaped structure, stationary 
acoustic waves are excited inside the tube by the 
USW source. The USW intensity profi le in the testing 
tube follows a sinusoidal function with its amplitude 
decaying as a function of distance from the USW 
source. This is what we have observed in Fig. 2. 
Theoretical modeling revealed the sinusoidal profi le 
of the distance-dependent output. The USW intensity 
profile in the testing tube can be simulated with a 
simple acoustic model. The ultrasonic source used 
in our experiments was f=    =40 kHzω
2π
, the sound 
pressureis p in the form of p(r, t)=p(r)eiwt, and the 
amplitude is determined by the Helmholtz equation: 





where c=1497 m/s is the speed of sound in water. 
We assume that the USW impinges into the tube 
 (a) (b)
 (d) (c)
Figure 2 (a) Schematic experimental setup for measuring the output dependence of an NG on 
the distance from the source of the USW; typical (b) ISC and (c) VOC output patterns recorded when 
an NG was moved from bottom to top in the tube of water; (d) the simulated USW intensity profi le 
along the axis of a 30 cm long tube obtained by integrating the intensity over the cross section of 
the NG
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from the bottom. The top, therefore, is far from the 
USW source and satisfi es the soft acoustic boundary 
condition. The boundary condition on the side wall 
of the tube can thus be modeled as a fi nite impedance 
boundary. For a tube with diameter d =3.2cm 
diameter and length l=30 cm, the distribution of the 
intensity oscillates as a function of distance from the 
USW source and decays (Fig. 2(d)). A more careful 
inspection shows that there are 7 maxima in Fig. 
2(d), whereas we only observed 5 or 6 peaks for 
most of the NGs (Figs. 2(b) and 2(c)). This difference 
may be due to changes in the resonance mode in the 
tube, caused by the introduction of the NG together 
with the glass substrate, that alter the number of 
stationary peaks.
The oscillating output voltage/current was further 
confi rmed by using a 70 cm long tube, where the size 
effect of the NG can be ignored. An NG was tested 
inside this tube while it was moved away or towards 
the ultrasonic source. The corresponding ISC signals 
are shown in Figs. 3(a) and 3(b), respectively. The 
current profi les exhibit a very similar pattern to the 
simulations, irrespective of the direction of motion 
of the NG. Furthermore, 17 peaks can be observed 
in both ISC profiles, which scales approximately in 
reference to the length of the tube. With its larger 
volume, the tube provides a more stable path for the 
USW to propagate. Even when an NG was placed 
inside, its size effect was negligible relative to the 
large size of the tube. The sinusoidal output pattern 
proved that the output of the NG is directly related to 
the intensity of the USW. The more energy supplied 
by the ultrasonic source, the greater the induced 
displacement of the NWs in the NG. In the sandwich 
structure of NWs, most of the rigidity comes from 
the packaging material. Our results therefore suggest 
that more flexible packaging and spacing materials 
could possibly improve the NG output effi ciency by 
a signifi cant amount. 
In summary, the output of NGs driven by USWs 
has been studied systematically. The incidence 
angle tests revealed that the effective area of an 
NG determines the amount of power that can be 
generated. The output energy of an NG is also 
directly related to the distance from the ultrasonic 
source. A sinusoidal profile of the electrical output 
was observed when an NG was moved inside a 
long tube with the ultrasonic source located at one 
end. The oscillation of the output voltage/current 
is related to the intensity of the local USW. The 
discovery of the angular and distance dependent 
output of NGs provides valuable guidance for 
future NG characterization and operation. In order 
to test or operate an NG at its highest capability, the 
NG should have its surface normal to the incident 
USW and be located at the position where the USW 
exhibits the strongest intensity. 
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Figure 3 Typical ISC output patterns recorded when an NG was (a) 
pulled out from bottom to top and (b) moved in from top to bottom 
in a 70 cm long tube
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